The membrane-bound conformation of a cell-penetrating peptide, penetratin, is investigated using solid-state NMR spectroscopy. The 13 C chemical shifts of 13 C, 15 N-labeled residues in the peptide indicate a reversible conformational change from β-sheet at low temperature to coil-like at high temperature. This conformational change occurs for all residues examined between positions 3 and 13, at peptide/lipid molar ratios of 1:15 and 1:30, in membranes with 25-50% anionic lipids, and in both saturated DMPC/ DMPG (1,2-dimyristoyl-sn-glycero-3-phosphatidylchloline/1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol) membranes and unsaturated POPC/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol) membranes. Thus, it is an intrinsic property of penetratin. The coil state of the peptide has C-H order parameters of 0.23-0.52 for C α and C β sites, indicating that the peptide backbone is unstructured. Moreover, chemical shift anisotropy lineshapes are uniaxially averaged, suggesting that the peptide backbone undergoes uniaxial rotation around the bilayer normal. These observations suggest that the dynamic state of penetratin at high temperature is a structured turn instead of an isotropic random coil. The thermodynamic parameters of this sheet-turn transition are extracted and compared to other membrane peptides reported to exhibit conformational changes. We suggest that the function of this turn conformation may be to reduce hydrophobic interactions with the lipid chains and facilitate penetratin translocation across the bilayer without causing permanent membrane damage.
Introduction
Cell-penetrating peptides (CPPs) are small cationic peptides that are able to enter cells carrying macromolecular cargos such as DNA and proteins without leaking the cell content or causing permanent damage to the cell membrane. [1] [2] [3] The promise of these peptides as drug-delivery compounds has made them the objects of many studies to understand their mechanism of cell entry. Earlier investigations using fluorescence microscopy and flow cytometry found that the internalization was independent of both temperature and the D,L-configuration of the amino acids, 4, 5 suggesting that these peptides directly translocate across the plasma membrane rather than entering by endocytosis. More recent analysis of HIV Tat (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) and (Arg) 9 , two commonly studied CPPs, found that the cell fixation procedure used in the microscopy experiments caused artifactual peptide uptake into cells and that the actual uptake in living cells was temperature dependent, 6 suggesting the involvement of the energy-dependent transport mechanism, endocytosis. However, reduced cell internalization at low temperatures does not rule out direct membrane permeation as another route of entry, since this mechanism is also less efficient at low temperature in the gel-phase membrane, as shown by experiments comparing cell lines with different membrane fluidities. 7 Furthermore, even peptides internalized via the endocytotic pathway, as detected by biological readout assays, 8 must still cross the endosomal membrane in order to enter the cytosol and must cross additional membranes if they are internalized in intracellular compartments. A large number of biophysical studies of CPPs in model membranes have shown the strong affinity of CPPs to lipid membranes. 9 This raises the fundamental question of how these peptides, whose amino acid sequences contain 40-100% of the cationic residues Arg and Lys, translocate across the hydrophobic part of the lipid membrane against large freeenergy barriers. 10 CPPs share their cationic sequences with antimicrobial peptides, which are also Arg-or Lys-rich peptides but which cause permanent damages to the cell membranes of microbial organisms to achieve their cell-killing function. Antimicrobial peptides generally have distinct amphipathic structures, which are considered essential to their membrane-disruptive function. 11, 12 In comparison, the role of conformation to the translocation of CPPs remains ambiguous. It has been suggested that no specific conformation is required for translocation, since some CPPs such as the HIV Tat peptide show no distinct secondary structures 13 while other CPPs such as penetratin are structurally plastic depending on the environment. 9 Molecular dynamics simulations of Tat (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) showed a random coil that crosses the membrane by electrostatic interactions between the Arg side chains and the lipid phosphate groups.
14 For penetratin, there is general consensus that it is a random coil in aqueous solution and becomes significantly α-helical in SDS micelles. [15] [16] [17] However, in lipid vesicles, both α-helical and β-sheet conformations have been reported depending on the anionic lipid content and the peptide/lipid molar ratio (P/L). 16, [18] [19] [20] Since most conformational studies on membrane-bound CPPs used circular dichroism (CD), which is complicated by light scattering of lipid vesicles and spectral deconvolution uncertainties, the CD structural information has limited accuracy. Thus, the conformation of CPPs in lipid membranes remains to be elucidated to understand the potential role of conformation in membrane translocation and to gain insight into the general mechanism of cationic protein interaction with the lipid membrane.
In this work, we use solid-state NMR spectroscopy to investigate the conformation and dynamics of penetratin in lipid membranes. Penetratin is a 16-residue peptide corresponding to the third helix (residues 43-58) of the Antennapedia homeodomain of Drosophila. It is the first discovered CPP 4, 5 and one of the most extensively characterized so far. We studied the penetratin conformation in hydrated multilamellar liposomes, which have no large intravesicular aqueous compartments as in real cells. Thus, the peptide is mostly partitioned in the lipid membrane instead of water. This sample condition allows us to capture the structure adopted by the peptide when it interacts transiently with the membranes of real cells. We show chemical shift and dynamic data that indicate a clear temperature-induced reversible sheet ↔ coil conformational change of the membranebound penetratin. The nature of this "coil-like" conformation and its potential relevance to membrane translocation are discussed.
Results

Temperature-induced penetratin conformational change in the membrane
To determine the conformation of penetratin in the lipid membrane, we measured the 13 C chemical shifts and assigned them by 2D 13 C-13 C correlation spectra. The main membrane composition in this study is DMPC/DMPG (1,2-dimyristoyl-sn-glycero-3-phosphatidylchloline/1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol; 8:7). The high anionic lipid content of ∼ 50% is used since it was reported to be necessary for the peptide to bind to both leaflets of the bilayer.
21 Figure 1 shows the aliphatic region of the 2D spectra of (I3, N9)-labeled penetratin in DMPC/DMPG (8:7) bilayers. The spectra were obtained with a short mixing time of 20 ms, thus showing mainly intraresidue cross peaks that are relevant for chemical shift assignment. The spectra were measured at two temperatures, 243 K, which corresponds to the gel phase of the membrane, and 13 C-13 C correlation spectra of (I3, N9)-labeled penetratin in DMPC/DMPG (8:7) membranes at P/L = 1:15. Black: 243 K; red: 310 K. Note the frequency changes of the α/β cross peaks, which denote conformational change. The spectra were measured under 6 kHz MAS with a 20-ms DARR mixing time.
310 K, which corresponds to the liquid-crystalline (LC) phase of the membrane. All expected intraresidue cross peaks are observed, with the C′, C α , and C β chemical shifts reflecting the peptide conformation. Interestingly, both I3 and N9 α/β cross peaks exhibit frequency changes between the two temperatures. At the higher temperature, the C β isotropic shifts depend on the (ϕ, ψ) torsion angles in a counterdirectional fashion: the α-helical conformation has larger C α chemical shifts and smaller C β chemical shifts compared to the random coil, while the β-sheet conformation has negative C α and positive C β secondary shifts. 22, 23 The observed chemical shift changes of I3 and N9 thus indicate a change from a β-sheet-like conformation at low temperature to a helix or coil-like conformation at high temperature.
To determine whether the appearance of the second conformation is gradual or sudden, we measured the 13 C cross-polarization (CP)-magic-angle spinning (MAS) spectra of the peptide as a function of temperature. Figure 2 shows the 283-310 K 13 C spectra of (I3, N9)-labeled penetratin in the DMPC/ DMPG (8:7) membrane. It can be seen that the second conformation grows gradually: as the temperature decreases, the random-coil peaks decrease in intensity while the β-sheet peaks increase in intensity. Table S1 lists the intensity fractions of the two sets of peaks for I3 and N9 C α sites at the temperatures examined.
To assess if the conformational changes occur in multiple residues in the peptide, we measured the 13 C chemical shifts of three other sites, I5, Q8, and K13. Figure 3 shows the 2D spectra at high and low temperatures for two samples containing the labeled sites. It can be seen that the C α /C β chemical shift changes are present for all three residues, indicating that the sheet-turn conformational change occurs for a large fraction of the peptide. Figure 3c shows a long mixing-time 2D spectrum at 310 K, where cross peaks between the lipid head group C α and the peptide K13 signals are detected, indicating that the high-temperature state of the peptide is in intimate contact with the lipids. The variable-temperature 1D 13 C spectra of (I5, Q8, K13)-labeled penetratin in DMPC/ DMPG (8:7) bilayers (Fig. 4) further illustrate the temperature-induced chemical shift changes. Table S2 tabulates the high-and low-temperature 13 C chemical shifts of all measured residues in the DMPC/DMPG membrane. The differences of these chemical shifts from the random-coil values give information on the secondary structure of the peptides. Using the random-coil values of Zhang et al., 24 we plotted the secondary chemical shifts in Fig. 5 . The low-temperature secondary shifts are negative for C α and CO but positive for C β , which clearly indicate a β-sheet conformation. In comparison, the high-temperature secondary shifts are near the random-coil values and much less than the α-helical secondary shifts. Thus, while the peptide adopts an α-helical conformation in its parent protein, as an independent molecule bound to the LC lipid bilayer, it adopts neither a β-sheet nor an α-helical conformation but is more like a random coil.
Generality of the sheet ↔ coil transition of penetratin
We next examine the generality of this conformational change of penetratin in lipid membranes. Does it occur only at high peptide concentrations or also at low P/L ratios? Is it unique to the nearly 50% anionic DMPC/DMPG membrane or is it present also at other membrane compositions? To address these questions, we prepared a low-concentration sample, with P/L = 1:30, in the DMPC/DMPG (8:7) membrane, a high-concentration (P/L = 1:15) sample in 25% anionic DMPC/DMPG (3:1) membrane, and a high-concentration (P/L = 1:15) sample in the unsaturated POPC/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine/1-palmitoyl-2-oleoylsn-glycero-3-phosphatidylglycerol; 8:7) membrane. Figure 6 shows the variable-temperature 13 C CP-MAS spectra of (I3, N9)-labeled penetratin in DMPC/DMPG (8:7) bilayers at the concentration of P/L = 1:30. The same chemical shift changes are detected, but the relative intensities of the two components at each temperature differ from those of the 1:15 sample (Table S1 ). Figure 7 shows the 13 C spectra of the peptide in the 25% anionic DMPC/ DMPG (3:1) membrane. This sample allows us to assess whether the conformational change is mainly induced by the anionic lipid. Again, the same sheet ↔ coil chemical shift changes are observed between low and high temperatures. Thus, the conformational change is not a result of the peptide preferentially partitioning into anionic lipid domains; it also occurs in zwitterionic membranes.
In the unsaturated POPC/POPG (8:7) membrane, we found the same chemical shift changes indicative of a sheet ↔ coil conformational change (Fig. 8) . However, the spectral linewidths of the POPC/ POPG-bound peptide are much broader than those of the DMPC/DMPG samples near and below the phase transition temperature. This suggests that penetratin exhibits more pronounced intermediatetimescale motion in the POPC/POPG membrane than in the DMPC/DMPG membrane, possibly due to the higher dynamic disorder of the unsaturated chains of POPC and POPG lipids.
Nature of the coil-like conformation in the membrane from penetratin dynamics It has been proposed that random coils, by definition without any fixed structure due to stochastic isotropic motion of the protein segments, are not compatible with the lipid membrane due to the energetically unfavorable exposure of non-hydrogenbonded backbone polar functional groups to the hydrophobic lipid chains. 25 Peptides that are unstructured in solution often adopt helical or sheet structures upon association with the lipid membrane. 26 Thus, it is puzzling that penetratin exhibits randomcoil chemical shifts in the LC lipid membranes.
To better understand the nature of the penetratin structure at high temperature, we measured the C-H dipolar couplings of the peptide. A true random coil should exhibit vanishing dipolar couplings, corresponding to C-H order parameters of 0. In contrast, a β-strand conformation is usually only stable in the membrane if interstrand hydrogen bonds are present. 27, 28 Such a multistrand β-sheet is usually immobilized and should have order parameters near 1.
29 Figure 9 shows the C-H DIPSHIFT curves (Table 1) . Thus, the backbone of the coil peptide indeed undergoes large-amplitude motion in the lipid membrane. However, since the C α and C β order parameters are much higher than 0, the motion is not isotropic, and the peptide retains significant residual anisotropy. Table 1 also shows the side-chain order parameters for all resolved sites. Interestingly, while the ends of the long Ile side chains exhibit the expected small order parameters of 0.14-0.19 at 303 K, the end of the long Lys side chain C ε exhibits a much higher-order parameter of 0.33 at 303 K. This suggests that the cationic Lys amino group may form transient associations with the lipid phosphate groups, similar to what has been observed for Arg residues in an antimicrobial peptide. 30, 31 For protein backbones, bond order parameters may be smaller than 1 for two different types of motion. They may reflect internal segmental motion, which is the case, for example, for a random coil, or they may reflect overall motion of a rigid molecule. If rigid-body motion is axially symmetric around an external axis, which is typically the bilayer normal for membrane-bound proteins, then the different order parameters simply reflect the different orientations of the individual bond vectors with respect to the bilayer normal. Distinguishing segmental motion from rigid-body motion is a complex task requiring the determination of the order tensor for each segment of the molecule. 32, 33 Determining each order tensor, which is a traceless and symmetric secondrank tensor, requires five independent NMR couplings. 34 In the limiting case of rigid-body uniaxial rotation, the situation is much simpler: all segments have the same order tensor, with a diagonalized unique principal value of 1. Further, the uniaxiality of the motion imposes an axially symmetric lineshape to all NMR interactions, described by an asymmetry parameter η of 0.
One can assess which motional model is more likely for penetratin backbone in the LC membrane by determining the asymmetry parameter of motion. If the only motion giving rise to the reduced dipolar couplings is uncorrelated segmental motion, then the motionally averaged NMR spectra should, in general, exhibit η̄different from 0. We can measure the asymmetry of the lineshape through chemical shift anisotropy (CSA) spectra, since the static-limit CSAs of C α and C β sites of proteins are generally nonuniaxial. We used the ROCSA (recoupling of CSA) technique 35 to recouple the 13 C CSA while suppressing the 13 C-13 C dipolar couplings. Figure 10 shows the 2D ROCSA spectrum of (I3, N9)-labeled penetratin in DMPC/DMPG bilayers at 303 K, along with the CSA cross sections of the N9α coil peak and the mixed I3β and N9β coil peak. It can be seen that the CSA lineshapes are close to uniaxial and are clearly narrower than the static-limit CSA. The N9α lineshape is well fit by a motionally averaged anisotropy parameter δ̄of 9.9 ppm and η̄= 0. This is very different from the static-limit δ of 14.4 ppm and η = 0.90. The static-limit CSA principal values were taken from ab initio calculated shielding values 36 for the β-sheet conformation. For the mixed I3β and N9β peak, the predicted rigid-limit β-sheet CSA (δ, η) is (21.1 ppm, 0.82) for Asn C β and (11.8 ppm, 0.82) for Ile C β . Their average gives the broken line pattern in Fig. 10c , which is clearly broader than the measured CSA pattern. The experimental pattern is well fit with (δ, η) = (9.1 ppm, 0). For both sites, the measured CSA lineshapes not only are much narrower than the static-limit patterns but also are axially symmetric within experimental uncertainty, 37 indicating that the peptide undergoes fast uniaxial rotation around the bilayer normal. This backbone uniaxial motion suggests that the coil chemical shifts may result from a rigid turn conformation that rotates around the membrane normal rather than an isotropic random coil. The chemical shifts of various β-and γ-turns are intermediate between helix and sheet chemical shifts and are not well distinguished from random-coil chemical shifts in protein databases. Since the coil chemical shifts are observed for residues from I3 to K13, the proposed turn structure involves a large segment of the peptide in the fluid membrane.
Thermodynamics of the sheet ↔ turn transition
The temperature-induced reversible sheet ↔ turn transition of penetratin is an equilibrium reaction. Assuming a simple two-state model, sheet ↔ turn + ΔH, we can estimate the enthalpy and entropy of the conformational change using the van't Hoff equation:
The equilibrium constant K eq can be obtained from the intensity ratio between the turn and sheet peaks at each temperature. These K eq values are listed in Table 2 for I3α and N9α in the DMPC/DMPG (8:7) membrane at both high and low peptide concentrations. Figure 11a and b plot K eq for the two sites at both concentrations as a function of temperature. All four curves plateau below 283 K, where the β-sheet conformation dominates. The lower-concentration curves are shifted up from the high-concentration curves, indicating increased populations of the turn conformation. This is expected since the β-sheet conformation requires intermolecular association and is, thus, favored by high peptide concentrations. The turn conformation does not yet exhibit a plateau at the highest temperature measured (310 K) that is still deemed safe for the samples. Figure 11a and b show that the conformational change occurs broadly around the DMPC/DMPG phase transition temperature of 296 K. 1D panels (b and c) , the thick line indicates the experimental data, the thin line denotes the best fit, and the broken line represents the calculated static-limit CSA lineshape based on ab initio calculations for the β-sheet conformation of these residues. Figure 11c shows a representative plot of ln K eq versus 1000/T for I3α at P/L = 1:15. For the temperature regime where the transition occurs, the data fit well to a straight line with a negative slope. This linear regime covers 263-310 K for I3α at P/L = 1:30 and 283-310 K for the other three conditions. As indicated by Eq. (1), the slope of the line gives the enthalpy ΔH of the conformation change, while the intercept gives the entropy change, ΔS. The negative slope indicates a positive enthalpy, or an endothermic sheet ↔ turn reaction, consistent with the fact that high temperature induces the turn conformation. The entropy change is also positive, consistent with the higher mobility of the turn state. Table 3 lists the enthalpy and entropy changes for the conformational transition. The ΔH and ΔS values are similar between the two residues, suggesting that the conformational change is global rather than local. If all 16 residues are involved in the conformational change, then ΔH per residue is +0.89 kcal/mol, while ΔS per residue is 3.1 cal/(mol K).
Discussion
Plasticity of penetratin conformation
The conformation of penetratin has been studied extensively and has been found to be highly plastic, sensitive to the nature of the solvent (buffer, organic solution, micelles, bicelles, or lipid vesicles), peptide concentration, and membrane composition. Most studies employed CD spectroscopy. In water, the peptide is clearly a random coil. In helix-promoting solvents such as trifluoroethanol, 15, 38 the peptide becomes partly α-helical. In SDS micelles, the helical content is even higher (∼50%) but the random-coil fraction remains significant from both CD and 1 H NMR data. [15] [16] [17] 39 In comparison, in lipid bilayers, CD spectra show that penetratin has significant helicity only in largely zwitterionic membranes at low peptide concentrations. In zwitterionic membranes at high peptide concentrations, the CD spectra indicate a high percentage of random coil. 16, 42 In anionic membranes with high peptide concentrations, penetratin conformation shifts to β-structures, including β-strands as well as β-turns.
42
Since CD spectroscopy of membrane-bound peptides is complicated by light scattering of lipid vesicles and uncertainties in spectral deconvolution, the conformation information is only approximate. In comparison, NMR gives site-specific and accurate information on the peptide conformation in lipid membranes. So far, the only NMR study of penetratin in lipid membranes used DMPC/DMPG (10:1) bicelles with a low anionic lipid content and a low peptide concentration (P/L = 1:130). Under these conditions, 1 H chemical shifts and 1 H-1 H nuclear Overhauser effects indicate that the nine central residues of the peptide are α-helical but with somewhat irregular geometries, 18 reminiscent of the random coils observed under other conditions. The thermodynamic values are for 1 mol of peptide.
Coil or turn conformation at high temperature?
The current solid-state NMR chemical-shift-based conformational constraints are obtained for penetratin bound to 50% and 25% anionic lipid membranes and at P/L ratios of 1:15 and 1:30. We found that in the gel-phase membrane, the peptide is clearly a β-sheet from residue 3 to 13, but in the fluid phase, penetratin changes to a coil-like structure with significant residual anisotropy and uniaxial mobility. The latter two observations suggest that the high-temperature conformation may be a structured turn rather than an unstructured coil. The (ϕ, ψ) torsion angles and three-dimensional fold of this turn-rich conformation are not yet determined, since most existing solid-state NMR techniques for quantitative structure determination require immobilized molecules, which would require freezing penetratin, which would destroy the very structure of interest.
These solid-state NMR results are in qualitative agreement with CD studies done on membranes with similar compositions. CD spectra measured in POPC/POPG (70:30) vesicles at high peptide concentrations of P/L = 1:17 to 1:33 yielded estimates of 40-60% β-structure, 20-25% random coil, and 20-30% helix. 42 The β-structure included not only antiparallel and parallel β-strands but also β-turns; thus, the result is consistent with the NMR data. The remaining α-helical content estimated from the CD spectra may be attributed to the different vesicle sizes used. The CD experiments were carried out on sonicated small unilamellar vesicles while the solidstate NMR data were measured on large unilamellar vesicles. Since penetratin has large helicity in curved SDS micelles, high curvature of the bilayer should also promote α-helix formation.
We found that the sheet ↔ turn conformational change of penetratin occurs under a range of peptide concentrations, anionic lipid content, and lipid chain saturation. Thus, it appears to be an intrinsic property of the peptide in lipid bilayers. It is possible that short segments of β-strand residues, not included among the five labeled residues here, connect the turns. Turn-rich proteins with very short β-strand segments have been observed before. For example, the elastin-mimetic (VPGVG) n polypeptides consist of repeated β-turns, called β-spirals, centered at Pro and Gly residues in each repeat. 43 Turn-rich conformations have also been found in a number of cationic antimicrobial peptides such as indolicidin and tritrpticin. [44] [45] [46] Solution NMR structures indicate that these turn-rich conformations lead to an amphipathic organization of the peptides, which facilitate their membrane-disruptive activity. For penetratin, whose translocation function leaves the membrane intact, the turn conformation may disfavor an amphipathic three-dimensional fold.
It is important to note that the high-temperature turn state of penetratin is embedded in the membrane rather than floating in the aqueous phase, in contrast to other peptides that undergo coil ↔ helix or coil ↔ sheet changes as a result of membrane binding. Evidence for the strong membrane association includes cross peaks between the lipid C α and the coil peptide (Fig. 3c) and paramagnetic relaxation enhancement data that show that the turn conformation is well shielded from the Mn 2+ ions on the membrane surface. 47 Energetics of penetratin sheet ↔ turn transition and comparison with other peptides Coil ↔ sheet conformational changes have been reported for several membrane peptides before 26, 48, 49 and are usually triggered by the partitioning of the peptides from aqueous solution to the lipid membrane. 25 The thermodynamics of this bilayer-induced secondary structure formation has been studied using CD and isothermal titration calorimetry, 50 which yielded quite variable ΔH and ΔS values. For example, the hexapeptide AcWL 5 is a monomeric random coil in solution, aggregates to β-sheets upon membrane binding, and unfolds back to a coil upon heating. The per-residue enthalpy change, ΔH residue , of the sheet → coil unfolding was found to be +1.3 kcal/mol. 48 The antimicrobial peptide (KIGAKI) 3 is random coil in solution and becomes a nearly perfect β-sheet upon membrane binding. The ΔH residue of the β-sheet formation was measured to be −0.23 kcal/ mol, 26 which corresponds to +0.23 kcal/mol for the reverse sheet → coil transition. The significant ΔH variation among different β-sheet formers has been noted before 26 and contrasts with the relatively uniform helix ↔ coil enthalpy change of + 0.7 to +1.1 kcal/mol. For penetratin, assuming that the sheet ↔ turn transition occurs for all residues of the peptide, ΔH residue is +0.89 kcal/mol, which is within the range reported in the literature. However, since penetratin is much closer to (KIGAKI) 3 than AcWL 5 in terms of sequence length and the cationic nature, ΔH for penetratin might be expected to be much closer to the value of +0.23 kcal/mol for (KIGAKI) 3 . Experimental conditions such as peptide concentration and membrane composition may explain the different ΔH values.
The entropy change per residue, ΔS residue , of the sheet ↔ turn transition from the intercept of the linear fit is + 3.1 cal/mol K. Combined with ΔH residue , it means that the free-energy change, ΔG residue = ΔH residue − TΔS residue , is only slightly negative, − 0.05 kcal/mol, at 298 K, which is consistent with the coexistence of turn and sheet peaks at this temperature. Increasing the temperature to 310 K makes ΔG residue slightly more negative, − 0.07 kcal/mol; thus, the sheet ↔ turn transition is an entropically driven process. Overall, the small free-energy reduction of penetratin's sheet ↔ turn transition contrasts with the previously reported ΔG residue of about − 0.5 kcal/mol for bilayer-induced secondary structure formation. 25 This lends further support to our conclusion that the conformational change of penetratin occurs within the membrane, rather than involving a change from the membrane to the aqueous phase.
What is the significance of this turn conformation to the translocation function of penetratin? The struc-tural polymorphism of penetratin has been suggested to be important for cell internalization by facilitating the peptide's passage through solvents with very different dielectric constants. 51 We propose a more specific hypothesis for the existence of the turn structure in the LC membrane after initial peptide binding. Since the turn structure has a small surface-to-volume ratio and lacks amphipathic organization, it may facilitate the peptide's translocation across the membrane by minimizing hydrophobic interactions with the lipid chains (Fig. 12) . Such hydrophobic interactions are implicated in the stabilization of amphipathic antimicrobial peptides in the membrane, leading to pores or other permanent damage to the membrane. 27, 52 In comparison, penetratin's function requires it to have only transient association with the lipid bilayer, without leaking the cell content, and a compact turn conformation may be better suited than amphipathic β-sheet or α-helical structures for rapid crossing through and eventual dissociation from the membrane. This model suggests that peptide conformation may, in fact, be important in cell internalization. It does not, however, explain the driving force for passage through the membrane. That driving force has been suggested to be the voltage potential across the cell membrane created by differential intracellular and extracellular ion concentrations. 53 
Materials and Methods
Membrane sample preparation
All lipids, including d 54 -DMPC, DMPG, POPC, and POPG, were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification. Penetratin (RQIKIWFQNR RMKWKK) was synthesized using Fmoc solid-phase protocols (PrimmBiotech, Cambridge, MA) and purified by HPLC to N 95% purity. U- 13 C, 15 N-labeled residues were incorporated at positions I3, I5, Q8, N9, and K13 in three different samples.
Hydrated membrane samples were prepared by an aqueous-phase mixing protocol. First, a zwitterionic lipid and an anionic lipid were mixed in chloroform at the desired molar ratio and dried under N 2 gas. The lipid film was dissolved in cyclohexane and lyophilized overnight. The mixed lipid powder was redissolved in deionized water and vortexed thoroughly and then freeze-thawed eight times. The lipid vesicle solution was then extruded successively through 1.0-, 0.4-, and 0.1-μm polycarbonate filters to obtain large unilamellar vesicles of ∼ 100 nm diameter. The vesicle solution was added to an appropriate amount of peptide-containing aqueous solution. The mixture was incubated overnight and then centrifuged at 55,000 rpm for 3 h above the lipid phase transition temperature to obtain a pellet. The pellet was centerpacked into a 4-mm MAS rotor with Teflon spacer at the bottom to give a hydrated membrane sample for NMR experiments. This study used three membrane compositions-DMPC/DMPG (8:7), POPC/POPG (8:7), and DMPC/DMPG (3:1)-and two P/L ratios-1:15 and 1:30 -to examine the environmental dependence of penetratin conformation. Chain-perdeuterated d 54 -DMPC was used in the membrane mixtures to reduce the intensities of the lipid background signals.
NMR experiments
Solid-state NMR experiments were carried out on a Bruker AVANCE-600 (14.1 T) spectrometer and a DSX-400 (9.4 T) spectrometer (Karlsruhe, Germany) using MAS probes. Low temperatures were achieved with a Bruker BCU-Xtreme unit on the AVANCE-600 spectrometer and a Kinetics Thermal Systems XR air-jet sample cooler (Stone Ridge, NY) on the DSX-400 spectrometer. Typical 90°pulse lengths were 5.0 μs for 13 C and 3.5-4.0 μs for 1 H. The α-glycine C′ resonance of 176.49 ppm on the tetramethylsilane scale was used as the external reference for the 13 C chemical shifts. 1 H-13 C CP experiments were carried out with a contact time of 500 μs and a 1 H decoupling field of 62 kHz. Variable-temperature 13 C spectra were acquired after stabilizing the sample for at least 25 min at each temperature. 2D 1 H-driven 13 C spin diffusion experiments were carried out without 1 H decoupling (PDSD) or with 1 H decoupling at the spinning frequency (DARR) during the mixing time. Mixing times of 20-100 ms and spinning speeds of 5.0 and 6.0 kHz were used. 13 C-1 H dipolar couplings were measured using the 2D dipolar chemical shift correlation (DIPSHIFT) experiment at a spinning speed of 3401 Hz. For 1 H homonuclear decoupling, the MREV-8 sequence 54 was used. The t 1 dipolar data were fit using a home-written Fortran program. The fit values were divided by the scaling factor, 0.47, of the MREV-8 sequence to obtain the true C-H dipolar couplings. The ratio of the true coupling with the rigid-limit one-bond C-H dipolar coupling, 22.7 kHz, gives the bond order parameter, S CH . For CH 2 groups, the three-spin system gives rise to an η = 1 dipolar pattern with principal values of (−δ, 0, δ), where δ is the coupling strength. For four-spin CH 3 systems, the 1:3:3:1 multiplet pattern was simulated using a 3:1 mixture of dipolar couplings δ and 3δ. 13 C CSA was measured using the 2D ROCSA experiment, 35 where the CSA interaction is recoupled by a Cn n 1 sequence and the 13 C-13 C homonuclear dipolar coupling is mostly suppressed. The 13 C recoupling spin-lock field strength is 4.283 times the spinning speed. The experiment has a CSA scaling factor of 0.272. The experiments were carried out at 310 K under 8.0 kHz MAS. 
